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Abstract 
Hybrid aluminum metal matrix composites (HAMMC) were fabricated using liquid 
fabrication technique namely stir casting with three reinforcements Alumina, Boron Carbide 
and Silicon Carbide added to Aluminum alloy 6061. This paper focuses on Taguchi 
optimization technique to analyze the significant parameters of stir casting to evaluate 
hardness properties of HAMMC. For this reason, stir casting was utilized with different 
process parameters based on three-level of L9 Taguchi, the signal-to-noise (S/N) and the 
analysis of variance (ANOVA) were used to find the optimum levels and to evaluate the effect 
of process parameters on hardness properties. The results show that some of the process 
parameters have significant effect on hardness by comparing with other three sintering 
factors, the varying proportions of reinforcements added to the metal matrix gave the most 
significant effect on the hardness. 
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INTODUCTION 
The aluminum alloy has broad scope of the 
application having various properties like 
light weight, good resistance to corrosion 
[1] and has high thermal conductivity, 
aeronautics marine, aviation, and 
production industries etc. [2]. This 
intensified employment makes to require a 
no-limit thought for their different 
mechanical properties too impact of giving 
out parameter [3, 4]. The stir casting 
procedure expand numerous parameter [5, 
6] for example, pouring and melting 
temperatures, consistency of charge, stirrer 
speed, mixing time, there are many other 
numerous parameters [5−10]. Presently 
Modern days Taguchi strategy is 
approaching more closer for improvement 
of the procedure parameters [11] 
developed by Japanese Dr.Genichi 
Taguchi in 1950. Taguchi approach has 
powerful tool for high greatness design 
system [12, 13]. It gives a simple 
ingenious, legitimate philosophy to 
upgrade or optimize the design of display 
excellence and cost in general. This 
technique is most dominant tool while 
configuration components are subjective 
and discrete [14]. Taguchi approach serves 
to wide-going comprehension of 
individual and group with little numeral of 
model preliminaries. This strategy is 
multi-step course of plan which continue a 
given arrangement of tests to give a better 
ability of fabricated products efficiency 
[15]. The main objective of this paper is to 
resolve most appropriate parameters for 
stir casting process using taguchi method, 
the analysis of variance (ANOVA), signal 
to-noise (S/N) ratio and regression analysis 
is used to find the most ideal level and to 
investigate the impact of stir casting 
process parameter on hardness values. 
 
METHODOLOGY 
In this work, aluminum alloy 6061 is an 
Al-Si-Mg type, while Al2O3, B4C, SiC are 
the reinforcement materials. Al 6061 is 
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melted in graphite crucible at 850oC to 
a semi solid state. Al2O3, SiC and B4C 
were added to the semi solid state 
matrix in a three stage mixing process. 
During the process, stirring was done by 
graphite stirring blade connected to an 
electric motor. HAMMC fabrication 
through stir casting involves many 
parameters such as composition of 
reinforcements, furnace temp range, 
mold preparation etc. Fig. 1 shows the 
parameters of the total components that 
may affect the hardness of HAMMC 
during stir casting process. Composition 
of HAMMC, stirring time, speed and 
molten temperature were selected to 
Taguchi experimental design 
methodology. Each parameter has three 
levels that influence the hardness value 
as shown in the Table 1. 
 
 
Figure 1: Influence of various parameters on stir casting to determine hardness [16]. 
 
Table 1: Process parameters and their respective factors 
Factor Level 1 Level 2 Level 3 
Composition of HAMMC (A) 
Al6061+ each 2wt% 
(Al2O3+SiC+B4C) 
Al6061 + each 3wt% 
(Al2O3+SiC) 
Al6061+ 6wt% B4C 
Stirring speed (rpm) (B) 400 350 300 
Stirring time (min) (C) 7 5 3 
Molten temperature (oC) (D) 800 750 700 
 
Results and Discussion 
Fig. 2 and 3 show the hardness 
indentations of HAMMC and MMC tested 
on Brinell hardness with steel ball 
indenter. Brinell Hardness Number (BHN) 
gives the hardness values of the 
specimens. Table 2 shows the reading for 
each experimental condition. ANOVA was 
used to identify the optimized factors that 
contribute significantly to the hardness 
value of HAMMC and AMMC. Table 3 
shows the hardness and average S/N ratio. 
To achieve the optimized hardness values 
“Larger the better” technique was utilized. 
Fig. 3 shows a response graph of mean 
hardness for each factors. An optimum 
condition of hardness value was achieved 
based on the conditions of A3, B2, C3 and 
D3 respectively. It was found that the 
hardness increased proportionally to the 
level increased in factor A. Based on 
ANOVA results as shown in Table 4, it is 
observed that Factor A and Factor B 
improve the hardness. Factor C and Factor 
D gives the less hardness values. Even 
tough, Factor D plays important role and 
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can’t be eliminated during the 
manufacturing process of HAMMC and 
AMMC. Table 4 also shows that the 
contribution error of 8.45% was obtained 
and it signifies that the considered factors 
gives the average value and therefore it is 
enough to be involved in the experiment. 
This is due to the requirement by Taguchi 
method that the message contribution must 
be ≤ 50%. ANOVA also reveals that the 
factors A and B have relative contribution 
on the hardness as shown in Table 4.
  
              
Figure 2(a): HAMMC specimen for hardness test.   Figure 2(b): AMMC specimen for 
hardness test. 
 
Table 2: Experimental layout and factors distribution of L9 orthogonal array. 
Sr. No. Factor Experimental Value 
 A B C D Composition of AMC (A) 
Stirring Speed 
(rpm) (B) 
Stirring time 
(min) (C) 
Temperature (oC) 
(D) 
1 1 1 1 1 
Al6061+ each 2wt% 
(Al2O3+SiC+B4C) 
300 3 700 
2 1 2 2 2 
Al6061+ each 2wt% 
(Al2O3+SiC+B4C) 
350 5 750 
3 1 3 3 3 
Al6061+ each 2wt% 
(Al2O3+SiC+B4C) 
400 7 800 
4 2 1 3 3 
Al6061 + each 3wt% 
(Al2O3+SiC) 
300 5 800 
5 2 2 2 1 
Al6061 + each 3wt% 
(Al2O3+SiC) 
350 7 700 
6 2 3 1 2 
Al6061 + each 3wt% 
(Al2O3+SiC) 
400 3 750 
7 3 1 3 2 Al6061+ 6wt% B4C 300 7 750 
8 3 2 1 3 Al6061+ 6wt% B4C 350 3 800 
9 3 3 2 1 Al6061+ 6wt% B4C 400 5 700 
 
Table 3: Hardness values for all specimens. 
Sr. No. Factors Hardness Replications 
 Fv (wt%) V (rpm) T (time) T (oC) BHN BHN BHN 
1 Al6061+ each 2 (Al2O3+SiC+B4C) 300 3 700 59.09 60.54 59.65 
2 Al6061+ each 2(Al2O3+SiC+B4C) 350 5 750 60.45 59.35 58.25 
3 Al6061+ each 2 (Al2O3+SiC+B4C) 400 7 800 61.65 60.25 58.53 
4 Al6061 + each 3 (Al2O3+SiC) 300 5 800 52.43 53.35 52.63 
5 Al6061 + each 3 (Al2O3+SiC) 350 7 700 53.25 53.47 51.64 
6 Al6061 + each 3 (Al2O3+SiC) 400 3 750 51.85 52.66 53.09 
7 Al6061+ 6 B4C 300 7 750 47.60 49.86 50.25 
8 Al6061+ 6 B4C 350 3 800 48.85 49.90 50.54 
9 Al6061+ 6 B4C 400 5 700 51.09 51.24 50.06 
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Table 4: Hardness and S/N response values 
Sr. No. Factor BHN S/N ratio 
 A B C D   
1 1 1 1 1 60.28 32.60 
2 1 2 2 2 59.62 32.05 
3 1 3 3 3 59.36 31.03 
4 2 1 3 3 53.13 31.62 
5 2 2 2 1 52.08 30.05 
6 2 3 1 2 52.2 31.15 
7 3 1 3 2 49.57 30.09 
8 3 2 1 3 49.09 29.98 
9 3 3 2 1 51.79 30.09 
 
 
Figure 3: Response graph for hardness vs various factor levels. 
 
Table 5: ANOVA table for HAMMC hardness. 
Source Pooleed SS DF MS F ratio SS’ Ratio (%) F Table 
A  483.56 2 245.65 124.36 488.24 76.25 3.88 
B  71.53 2 37.25 18.27 69.47 12.23 3.88 
C  51.56 2 27.83 13.25 47.65 9.03 3.88 
D Y 3.0       
Error Y 41.11       
Pooleed  43.41 21 4.587 1 59.35 9.09  
SSt  656.55 28 315.62  656.5 100  
Mean  74155 1      
SStotal  74854 29      
 
in Table 5 The average of optimum 
condition can be determined by the 
equation (1). 
Hardness expected result at optimum 
condition = A3 +E2 –y          (1) 
BHN expected result at optimum condition 
= 59.43 +56.95 – 54.25 
BHN expected result at optimum condition 
= 62.13         
The 90% confidence interval (Clmean) for 
the expected yield from the experiment 
can by evaluated by equation (2) as 
Clmean =     √               
 
    
                       
(2) 
neff  = 
                           
              
 
neff = 
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nef f= 7.5 
Clmean =     √              (
 
    
) 
Clmean =     √                    
 
   
  
Clmean =     √              
 
   
  
Clmean =     . 
The confidence interval for the optimum 
mean surface hardness value is : 62.13 ± 
3.24        , which lies between = 
58.89 to 65.37        . 
 
From the analysis of experimental result 
using Taguchi approach and ANOVA 
variance, the addition of three 
reinforcements plays a major role to the 
hardness of HAMMC and the next 
hardness value lies in the Al-B4C 
reinforced composite because of higher 
strength of B4C. The maximum hardness 
was given to the three reinforced 
composite. The second factor that 
contributes the highest value of hardness is 
the stirring speed of 400rpm. It was 
observed that hardness value decreases as 
the stirring speed increases beyond 
400rpm. It is believed that porosity and 
blow holes were formed in the AMC due 
to higher stirring speed. 
 
CONCLUSIONS 
HAMMC and AMMC were fabricated 
using stir casting technique successfully. 
The hardness of composites was optimized 
by Taguchi method. The two factors of stir 
casting that is composition and stirring 
speed which shows effect on hardness of 
composites were signified by ANOVA. 
The optimum level was found at A3 and 
B2 on ANOVA, the composition of 
composites (Factor A) and stirring speed 
(Factor B) influence the hardness 
significantly by 76.25% and 12.23% 
respectively. The melting temperature of 
AMC (Factor D) plays important role in 
process but has negligible significant 
effect on hardness of AMC. 
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